Purpose: Recent data suggest that intrinsic subtype and immune cell infiltration may predict response to trastuzumabbased therapy. We studied the interaction between these factors, changes in immune signatures following brief exposure to trastuzumab, and achievement of pathologic complete response (pCR) to subsequent preoperative trastuzumab and chemotherapy in HER2-positive breast cancer.
Introduction
The HER2 receptor is amplified and overexpressed in approximately 20% of all breast cancers and the addition of HER2-targeted therapy in the form of the mAb trastuzumab to chemotherapy has been shown to improve overall survival in both early stage and advanced disease (1) (2) (3) (4) . However, as many as 23% of patients with early-stage HER2-positive (HER2 þ ) treated with adjuvant chemotherapy and trastuzumab may recur within 10 years (5), highlighting the importance of identifying which HER2 þ patients respond to this treatment and those that do not.
Alternative, novel HER2-targeted agents, including lapatinib, pertuzumab, and trastuzumabemtansine (T-DM1), administered either in place of or in combination with trastuzumab, have been developed and have demonstrated activity in trastuzumab-resistant cancers, but the challenge remains to try to identify patients who require addition of these agents upfront. Genomic profiling of HER2 þ tumors has shown that HER2 þ breast cancer is clinically and biologically heterogeneous, and this heterogeneity complicates efforts to identify biomarkers predictive of response in the initial breast tumor biopsy (6) . In previous analyses, we have found that brief exposure to trastuzumab may unmask potential biomarkers of response not apparent in pretreatment samples (7) . This highlights the potential value of this approach to help to unravel the heterogeneity of the disease and understand mechanisms of response or resistance to trastuzumab in vivo.
There has been increasing evidence that the immune system plays a significant role in the therapeutic effects of HER2-targeted therapy (8) . Trastuzumab has been shown to facilitate targeting of HER2-expressing tumor cells via antibody-dependent cellular cytotoxicity (ADCC), through recruitment of natural killer cells (9, 10) . The presence of tumor-infiltrating lymphocytes (TIL) was predictive of improved outcomes with trastuzumab-containing therapy in a phase III adjuvant trial (11) , suggesting that the evaluation of immune markers may be important. A recent study of mRNA expression in tumor samples collected from patients treated on NCCTG N9831 adjuvant trial identified a signature of immune function genes that was predictive of relapse-free survival in patients treated with trastuzumab plus chemotherapy but not in patients assigned to the chemotherapy-only control arm (12) . While preclinical studies suggest that ADCC may be a critical component of trastuzumab benefit (13, 14) , and subpopulations of immune cells have been associated with improved breast cancer survival (15) , no study has yet correlated the in vivo effects of trastuzumab on immune markers with its impact on response to treatment. The brief exposure paradigm is an important approach to test the hypothesis that trastuzumab-induced changes in the tumor's immune microenvironment might impact response to therapy, as we have previously shown for tumorspecific pathways (16) .
In this study, the preoperative brief exposure paradigm was used to evaluate changes in the tumor and its microenvironment with a loading dose of trastuzumab. We utilized transcriptomic data from samples obtained from patients who enrolled on two prospective multicenter clinical trials (03-311 and BrUOG 211B) of stage II-III HER2 þ breast cancers treated with preoperative trastuzumab-containing chemotherapy.
HER2 intrinsic breast cancer subtypes and immune-related transcriptional signatures were evaluated in relation to pathologic complete response (pCR), a surrogate measure of longterm outcome. This approach may help us better understand the role of the innate immune response in mediating response to trastuzumab-containing chemotherapy in HER2 þ early breast cancer.
Materials and Methods
Trial design and patient characteristics Tissue samples were collected from patients enrolled on two independent multicenter phase II neoadjuvant trials (03-311, NCT00148668; and BrUOG 211B, NCT00617942) for clinical stage II-III HER2 þ breast cancer, with HER2 positivity defined as either overexpression by immunohistochemical (IHC) stain (3þ) or a FISH ratio for HER/CEP17 of >2.0. The 03-311 trial was conducted at the Dana-Farber Cancer Institute and the Yale Comprehensive Cancer Center (YCCC). Once a patient signed informed consent, pretreatment tumor biopsies were obtained, and then she received a loading dose of trastuzumab (8 mg/kg). Repeat tumor biopsies were obtained approximately 14 days later, after which the patient started treatment with either vinorelbine 25 mg/m 2 weekly Â 12 weeks (NH) or docetaxel 75 mg/m 2 and carboplatin AUC 6 every 3 weeks (TCH) with trastuzumab 2 mg/kg weekly for 12 weeks (TCH); the choice of chemotherapy regimen and subsequent surgical management of the breast and axilla were at the discretion of the treating physicians. A study detailing the long-term followup of patients in the 03-311trial suggested an association between pCR and improved long-term recurrence-free survival (17) . Supplementary Fig. S1 illustrates samples collected from patients enrolled on 03-311.
BrUOG 211B (211B) was conducted by the Brown University Oncology Group (BrUOG) at its participating hospitals and at the YCCC and the City of Hope Comprehensive Cancer Center (COHCCC). Enrolled patients underwent baseline tumor biopsies, then received "run-in" treatment determined by their institution, with patients enrolled at a BrUOG institution receiving a loading dose (6 mg/kg) of trastuzumab while patients enrolled at YCCC or COHCCC received two weekly doses of nab-paclitaxel 100 mg/m 2 . Repeat tumor biopsies were obtained between 10 and 14 days after trastuzumab or the first dose of nab-paclitaxel. All patients were then treated with carboplatin AUC 6 every 3 weeks and nab-paclitaxel 100 mg/m 2 and trastuzumab 2 mg/kg weekly for 18 weeks, followed by surgical management of the breast and axilla at the discretion of their treating physicians. Supplementary Fig. S2 illustrates samples collected from patients enrolled on 211B.
On both studies clinical response was assessed during and at the completion of preoperative therapy, and pathologic response was scored by institutional pathologists, with pCR defined as the absence of residual invasive disease in both the breast and any sampled axillary nodes; for 03-311, patients who failed to achieve pCR were grouped as objective responders (OBJR) category, which included complete and partial response (CRþPR), and nonresponders (NOR) category including stable and progressive disease. For 211B, RECIST criteria were used but were not yet developed when the 03-311 trial was conducted. In addition, for 211B pathologists were asked to assess residual cancer burden (RCB; refs. 18, 19) .
Translational Relevance
HER2-positive breast cancer is biologically heterogeneous, with recent studies suggesting that intrinsic subtypes and immune infiltration estimates may predict response to trastuzumab-based therapy. However, no study has yet reported the in vivo effects of trastuzumab on the immune-related microenvironment following brief exposure to trastuzumab. We evaluated two multicenter, preoperative trials that used a run-in of trastuzumab prior to combination chemotherapy to discover and validate immune signature changes in vivo, that allowed the evaluation of subtype-specific immunogenic effects of trastuzumab. Our study demonstrates, for the first time, that immune signatures evaluated after a single dose of trastuzumab are predictive of response, possibly mediated by an induction of CD4 þ helper T cells and PD-1-associated antitumor immunity within the HER-enriched subtype. These signatures, if further validated, have the potential to enable early evaluation of therapy response, thus providing an opportunity for triage to the most effective therapy for HER2 þ early breast cancer patients.
Tissue processing
Fresh core biopsy tissue was placed immediately into optimal cutting temperature (OCT) and frozen at À80
C. An H&E section was performed on each OCT block and the percentage of invasive tumor in the sample determined by a pathologist. Core biopsies containing 10% or greater invasive cancer were removed from the OCT and DNA and RNA were simultaneously extracted using the Qiagen AllPrep DNA/RNA Kit (cat# 80204). DNA and RNA concentration and 260/280 ratios were determined using a NanoDrop. The quality of the RNA was assessed using a 2100 Bioanalyzer (Agilent Technologies) to determine a RNA integrity number (RIN). Prior to sequencing, a more accurate concentration of the RNA was quantified using a fluorometric assay on the Qubit 2.0 Fluorometer (Life Technologies).
Microarray profiling
Samples from the 03-311 study were profiled using Illumina HT12v3 Beadchip microarrays. Briefly, the arrays were run on 200 ng RNA extracted from the tissue samples using standard processing protocols in the Yale Center for Genome Analysis. The raw microarray data were then processed for background correction using the Illumina Bead Studio. The Bead Studio output was then processed with the lumi package in Bioconductor using the variance stabilizing transform and quantile normalization. The resulting normalized log2 gene expression values were used for all subsequent downstream analyses. The microarray data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE76360 (http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?token¼cnkjqomaxlclncv&acc¼GSE76360).
Targeted RNA sequencing, data analysis, and quality assurance A custom Targeted Amplicon RNA-Sequencing panel for 957 genes of interest [including PAM50 genes (20, 21) , ESTIMATE Immune Index genes (22) , and signatures of immune cell subsets B-cell, T-cell, macrophage, CD4
þ Tfh, Th1, Treg, and CD8 þ cytolytic genes (15, 23, 24) ] as well as IPO8, ALAS1, GAPDH, and SDHA housekeeping genes was designed using Illumina's Design Studio. For library preparation, the IlluminaTruSeq Targeted RNA Expression Kit was utilized. Briefly, 50 ng of input RNA was reverse transcribed. Next the custom oligo pool targeting the genes of interest was hybridized to the cDNA, followed by extension and ligation to enrich for the targets of interest. The enriched regions were then PCR-amplified and ligated to adapters and indices for multiplexing purposes. The libraries were normalized, pooled, and assessed for quality using quantitative real-time PCR. Samples were multiplexed in batches of 10-32 samples per 50 cycle MiSeq run (Illumina) and sequenced using the MiSeq Reagent Kit v3 (Illumina). An average of 1.05 million paired-end reads were obtained per sample, over 4 different MiSeq runs. Given that each gene on the custom panel was assigned a single 50 bp validated genetarget probe based on Illumina's Design Studio, the resulting reads per sample were aligned to the gene-target probe sequences using a banded Smith-Waterman alignment tailored for alignment across amplicon targets as low as 10 bp. This resulted in gene-level read-counts per sample for all of the 957 genes on the targeted RNASeq custom panel. Notably, as read-counts were derived using the number of reads aligned to the individual 50 bp gene-target probes, read-counts across genes are comparable without the need for transcript length normalization. As detailed in Illumina's Targeted Amplicon RNA-Seq analysis pipeline, we then estimated the relative gene expression level for any given gene in a given sample by subtracting the median of the log2-transformed read-counts of four housekeeping genes (IPO8, ALAS1, GAPDH, and SDHA) in that sample from the log2-transformed read-count for the given gene. The resulting log2-transformed relative gene expression levels were used for all subsequent downstream analyses.
PAM50 subtyping
The log2-transformed gene expression values of the PAM50 genes were used to derive the PAM50-based subtyping assay (20) for all samples processed by either microarray or Targeted RNASeq. In either case, median subtraction was performed on the log2-transformed expression values of each of the PAM50 genes, followed by unsupervised hierarchical clustering using Pearson correlation for distance and average linkage. Major clusters were identified and assigned to HER2-luminal, HER2-basal, and HER2-enriched subgroups based on ER/PR IHC values and relative expression of the proliferation-associated genes within the PAM50 gene list (21) . For each tumor, we assigned the subtype based on the membership of the baseline biopsy sample in the PAM50 clustering. In cases where no baseline sample was available for a given tumor, the subtype was assigned using the subtype membership of the post brief exposure sample.
Immune index estimation
The extent of immune cell admixture in the tumor samples was estimated using a previously published algorithm, ESTI-MATE (22) , which is derived using the expression levels of a 140-gene immune signature. Briefly, this published 140-gene immune signature uses a single-sample gene set enrichment methodology to derive an index (Immune Index) that corresponds to the level of infiltrating immune cells in a given sample (22) . The resulting Immune Index allows for relative comparisons of the extent of immune admixture across samples profiled on the same platform. The Immune Index values for all samples in this study were estimated using the R-package associated with the published algorithm (22) . The Immune Index values obtained for the 03-311 samples profiled using the Illumina HT12v3 Beadchip microarrays were log2-transformed and used for comparisons within subgroups of the 03-311 dataset. Similarly, the Immune Index values obtained for the 211B samples using gene expression levels derived from Targeted RNASequencing were again compared within subgroups of the 211B dataset. Given the methodology and different profiling platforms, Immune Index values are not comparable across the two datasets, and therefore all of our Immune Index comparisons were performed within each dataset.
Signatures of immune cell subsets B-cell, T-cell, and macrophage signatures. Previously published signatures related to specific immune cell subsets (23) including a 23-gene signature specific to B cells, an 83-gene signature specific to T cells and a 105 gene signature specific to macrophages were used as surrogate estimates of the individual immune cell subsets. For each sample in the Discovery 03-311 cohort, the specific immune cell subset signature index was estimated as the average value of the normalized log2 expression levels of the individual genes in the signature. Similarly, in the 211B cohort, the signature index was calculated as the average of the relative gene expression levels of each of the genes within the signatures.
CD4
þ Tfh signature. An 8-gene follicular helper T-cell (Tfh) signature (CD200, CXCL13, FLJ37440, ICOS, SGPP2, SH2D1A, VSTM3, PDCD1) whose expression levels were previously shown to be associated with CD4 þ follicular helper T cells (15) 
CD8
þ T-cell cytolytic activity genes. Genes known to be upregu-
were used as a surrogate of CD8 þ T-cell cytolytic activity (24), both individually and as a signature. As above, the average expression level of the cytolytic activity genes was estimated per sample and used as a Cytolytic Activity signature index in both the 03-311 and 211B cohorts.
IHC PD-1 expression in tumor biopsies derived from the 211B trial was assessed using IHC performed by the Immunohistochemistry Laboratory of University Hospitals Case Medical Center (Cleveland, OH). Briefly, unstained 4-mm sections of tissue were prepared from paraffin blocks and baked for 30 minutes at 60 C in a Boekel Lab oven. The slides were then processed using a BenchMark Ultra (Ventana Medical Systems) automated immunostainer. The slides were deparaffinized, antigen retrieved with standard Cell Conditioning 1 (Ventana Medical Systems), a Tris-based buffer pH 8.3 solution for 52 minutes at 95 C, then incubated at 37 C with the primary antibody PD-1 (clone NAT105 mouse mAb from Cell Marque) for 16 minutes and subsequently counterstained with Hematoxylin for 8 minutes. PD-1 scoring was performed blinded fashion, with the cutoffs chosen prior to association with other clinical/genomic data. PD-1 staining was scored as follows: tissues with no staining in any of the stroma-related tumorinfiltrating lymphocytes (TIL) or absence of TILs were scored as 0; tissues with less than 10% of TILs with PD-1 staining were scored as 1; tissues with 10%-50% of TILs staining for PD-1 were scored as 2; and tissues with >50% staining of TILs for PD-1 were scored as 3. We then categorized scores 0 and 1 as low, 2 as medium, and 3 as high levels of PD-1 staining. Published studies do not have a standardized method to score PD-1. Furthermore, artefactual tissue distortions, poor tissue quality limited our ability to provide precise counts of PD-1 þ TILs in this dataset.
Results

Patient characteristics
The clinical characteristics of the patients from 03-311 and 211B trials are presented in Table 1 . There were a total of 81 and 60 stage II-III patients enrolled in the 03-311 and 211B trials, respectively. No significant differences in tumor stage, tumor size, or hormonal status were observed between the two trials.
HER2-enriched subtype exhibits the highest rate of pCR to trastuzumab-based preoperative therapy
We and others have shown that HER2 amplification may arise within Luminal and Basal lineages and have named these subtypes HER2-basal and HER2-luminal breast cancers (6, 25) . The third subtype of HER2-positive breast cancer, which is typically ER/PR negative, is termed HER2-enriched, and has been shown to exhibit improved response to anti-HER2 therapy. In the context of the 03-311 and 211B trials, we have used this nomenclature. Using the log2-transformed normalized expression levels of the PAM50 genes, we performed hierarchical clustering (See Materials and Methods) of the baseline and post-brief exposure gene expression data from the 03-311 (Fig. 1A) and 211B (Fig. 1B) cohorts. We then assigned the PAM50 subtype calls to each of the major clusters using the ER/PR IHC status and the expression levels of proliferation genes included in the PAM50 signature (See Materials and Methods). The cluster of samples that were largely ER/PR negative by IHC and had low expression levels of basal-keratin genes (KRT14, KRT17, KRT5) were designated as HER2-enriched, whereas clusters containing samples largely ER/PR positive by IHC were designated as HER2-luminal, and clusters of ER/PRnegative samples that showed high expression of proliferation and basal-keratin genes were designated as HER2-basal. In addition to these major subtypes, both cohorts also revealed a cluster of samples that showed lower expression of most of the PAM50 genes, suggestive of low tumor content (Fig. 1A  and B) . We then proceeded to evaluate the association of PAM50 subtypes with rates of pCR with preoperative trastuzumabcontaining therapy. We found that the HER2-enriched subtype had the highest rate of pCR in both the Discovery (03-311, Fig. 1C ) cohort (36%, two-sided Fisher exact test, P ¼ 0.0431) and the Validation (211B, Fig. 1D ) cohort (50%, onesided Fisher exact test, P ¼ 0.0481). In the Discovery cohort (Fig. 1C) , the HER2-luminal subtype had the next highest rate of pCR (15%), whereas the HER2-basal subtype had the lowest rate of pCR (10%). The Validation cohort (Fig. 1D ) also mirrored the relative ranking among the subtypes in terms of the observed rates of pCR (21% in HER2-luminal and 17% in HER2-basal). Of note, the overall pCR rate was lower in 03-311 likely due to the shorter duration of chemotherapy Figure 1 . PAM50 subtyping. A, hierarchical clustering of microarray samples from the 03-311 cohort using the PAM50 genes. Three major clusters were identified, including Luminal, HER2-Basal, and HER2-enriched subtypes that correspond well with ER/PR IHC and the expression levels of proliferation genes. B, hierarchical clustering of samples from the 211B trial using targeted RNA sequencing of the PAM50 genes. Samples that showed poor expression of a majority of genes were considered to have low tumor content. C, rates of pCR across PAM50 subtypes in 03-311 cohort. Shown are the percentages of pCR within each subtype. Significance of the rate of pCR in the HER2-enriched subtype as compared with the remaining tumors was assessed using a two-sided Fisher exact test. D, rates of pCR across PAM50 subtypes in 211B cohort. Shown are the percentages of pCR within each subtype. The hypothesis that the HER2-enriched subtype exhibited the highest rate of pCR as compared with the rest was evaluated using a one-sided Fisher exact test. compared with the BrUOG 211B. It is interesting to note that the HER-basal subtype had the lowest pCR rate, surprising in a typically ER-negative tumor, although the significance of this needs to be confirmed in larger studies, given the low number of HER2-basal samples in our trials. However it appears that the HER2-basal subtype may be more drug resistant than the HER2-enriched subtype based on studies from Carey and colleagues (26) and Harris and colleagues (6).
HER2-enriched subtype consistently shows a significant increase in immune index upon brief exposure to trastuzumab
We next hypothesized that the higher rate of pCR in HER2-enriched tumors may be due to immune activation by therapy in this subtype. We evaluated a publicly available gene expression signature of immune cell admixture (Immune Index) in the 03-311 and 211B cohorts (See Materials and Methods) to determine whether brief exposure to therapy results in changes in immune cell-based gene expression (22) . Figure 2A shows the distribution of Immune Index estimates at baseline and post brief exposure to trastuzumab across each of the PAM50 subtypes in the 03-311 cohort. Consistent with our hypothesis, we found that the HER2-enriched subtype exhibited a significant (P ¼ 0.05) increase in the median Immune Index following brief exposure to trastuzumab, while the other two major subtypes showed nonsignificant increases in Immune Index at the post-exposure timepoint. We then evaluated the Immune Index in 211B and found that the HER2-enriched subtype was again the only subtype showing a significant increase in median Immune Index (P ¼ 0.05) following brief exposure to trastuzumab (Fig. 2B) . Furthermore, in 211B, the HER2-enriched subtype showed a significant increase in Immune Index only upon brief exposure to trastuzumab, and not upon brief exposure to chemotherapy (P ¼ 0.13; Supplementary Fig. S3 ). We note, however, that the small number of samples in the HER2-basal subtype in either trial precludes assessment of the significance of Immune Index changes in this subtype. Additional evaluation using ER/PR status revealed a significant increase in Immune Index only in the ER-negative subgroup within the 211B trial, whereas the ER-positive subgroup showed nonsignificant increases in both trials (Supplementary Figs. S4 and S5). Furthermore, we found no significant correlation between the Immune Index and tumor content of the biopsy samples in the two datasets at either the baseline or post brief exposure timepoints ( Supplementary Fig. S6 ), suggesting that the observed associations are not related to biopsyrelated changes.
In summary, our analysis showed that significant increases in Immune Index were observed only in the HER2-enriched subtype upon brief exposure to trastuzumab in both the 03-311 and 211B trials.
Immune signatures are discriminative of pCR at the post brief exposure timepoint
To test the hypothesis that the Immune Index signature was associated with response, we evaluated whether the Immune Index at either the baseline and/or the post brief exposure timepoint could discriminate between responders and nonresponders. Figure 3A details the distribution of the Immune Index at baseline and after a single dose of trastuzumab in the Discovery cohort (03-311) across the three different response categories (pCR, OBJR, and NOR). We found that the median Immune Index was not significantly higher in the pCR as compared with OBJR (one-sided Wilcoxon, P ¼ 0.63) or NOR (one-sided Wilcoxon, P ¼ 0.48) at the baseline timepoint (Fig. 3A) . However, after a single dose of trastuzumab, the median Immune Index was significantly higher in the pCR group as compared with the NOR group (one-sided Wilcoxon, P ¼ 0.03, Fig. 3A) .
We then evaluated whether this observation persisted in the 211B dataset (Fig. 3B) . We found that the median Immune Index was not significantly higher (one-sided Wilcoxon, P ¼ 0.27, Fig. 3B ) at baseline in the tumors that had a complete or nearpCR to trastuzumab-containing therapy (pCR and RCB I) as compared with tumors with a suboptimal response to this therapy (RCB II-III). However, after a single-dose of trastuzumab, the median Immune Index was significantly higher (one-sided Wilcoxon P ¼ 0.04, Fig. 3B ) in the pCR and RCB1 as compared with the RCB II and III in the BrUOG cohort, validating the observation from the Discovery cohort. These findings suggest that a higher immune signature index upon brief exposure to trastuzumab may be predictive of response to trastuzumab-containing preoperative chemotherapy in HER2 þ breast cancer.
The Immune Index results suggest a role of immune infiltration but do not provide a clear mechanistic explanation for these results. To gain insight into the potential mechanisms underlying the Immune Index findings, we evaluated the ability of individual genes belonging to the Immune Index signature to discriminate response after a single dose of trastuzumab across the two datasets. We accordingly evaluated whether the expression level of each of the genes in the Immune Index signature were associated with response at either baseline and/or post brief exposure timepoints, followed by q-value false discovery rate estimation to correct for multiple testing (27) . We found that only two genes, GIMAP4 and ITGAL, were significantly (P < 0.05; FDR < 25%) discriminative of response at the postexposure timepoint in both the Discovery (03-311) and Validation (211B) datasets (Supplementary Table S1 ). GIMAP4 expression has been previously reported to be associated with CD4
þ helper T-cell development (28) , whereas ITGAL (CD11a) has been shown to be expressed in activated CD4 þ T cells (29) suggesting that T-cell function may play an important role in response to trastuzumab-containing therapy.
We next evaluated predefined gene expression signatures associated with specific immune cell subsets such as B cells, T cells, and Macrophages (See Materials and Methods) to determine whether increases in specific immune cell subsets upon brief exposure to trastuzumab are associated with preoperative therapy response. Interestingly, we found that only the T-cell gene expression signature was significantly associated with response in both the 03-311 and 211B trials (Supplementary Table S2 ).In contrast, the B-cell signature was significantly associated with response only in the 211B trial at both baseline and post brief exposure timepoints, while the macrophage signature was significant only in the 03-311 trial at the post brief-exposure timepoint (Supplementary Table S2 ).
Given that the analysis of individual genes in the Immune Index signature (Supplementary Table S1 ref. 15) , we found that a higher Tfh signature index was associated with pCR after post brief exposure to trastuzumab in the 03-311 Discovery cohort (Fig. 3C) , and this finding was validated in the 211B cohort (Fig. 3D) . To determine whether this is a nonspecific finding of tumor cell infiltration with T cells, we also evaluated signatures associated with CD4 þ Th1 and CD4 þ regulatory T cells (15) , as well as genes associated with CD8 þ T-cell cytolytic activity (ref. 24 ; See Materials and Methods). We found that higher expression of CD4 þ Th1 and Treg signatures after a single dose of trastuzumab was discriminative of response in only one of the two datasets (Supplementary Fig. S7 ). Similarly, neither the individual genes associated with CD8 þ T-cell cytolytic activity (See Materials and Methods) nor the 4-gene cytolytic signature were discriminative of response following brief exposure to therapy across both datasets (Supplementary Table S3) . Intriguingly, preclinical studies evaluating the effects of depletion of specific immune cell subsets on anti-neu antibody-mediated tumor regression have shown the essential role of CD4 þ T cells while B cells were not required for the effectiveness of anti-neu therapy (30) . These results, taken together with our observations across both trials, strongly suggest that higher T-cell activity, and specifically increased CD4 þ follicular helper T cells, following brief exposure to trastuzumab, are associated with improved response to trastuzumab-containing preoperative therapy.
HER2-enriched subtype shows a significant increase in PD-1 expression upon brief exposure to trastuzumab Given that PD-1 (PDCD1) is one of the genes in the Tfh signature associated with T-cell activity, and is of therapeutic interest, we evaluated PD-1 expression levels at baseline and post brief exposure to trastuzumab in the 03-311 trial. We found significant upregulation of PD-1 expression to be specific to the HER2-enriched subtype (P ¼ 0.045) as opposed to the HER2-luminal (P ¼ 0.738) and HER2-basal (P ¼ 0.953) subtypes in the 03-311 trial (Fig. 4A) . To validate these findings we assessed protein expression of PD-1 using IHC in samples from the 211B trial as unstained slides were not available from the 03-311 cohort. We categorized tissues into low, medium, and high levels of PD-1 staining (See Materials and Methods) and evaluated whether changes in PD-1 expression upon brief exposure to trastuzumab were associated with subtypes. Figure 4B shows the PD-1 IHC scores at baseline and postexposure to trastuzumab across the PAM50 subtypes. Notably, only the HER2-enriched subtype showed a significant increase in PD-1 expression (P ¼ 0.035) upon brief exposure to trastuzumab (Fig.  4B ), suggesting that both gene expression and protein expression of PD-1 are upregulated in this subtype of HER2 tumors.
Discussion
In this study, we found that HER2 þ tumors categorized as HER2-enriched by PAM50 genomic analysis exhibit the highest pCR rate to preoperative trastuzumab and chemotherapy in two prospective multicenter preoperative trials. In tumor samples from both trials, median Immune Index prior to treatment was not predictive of pathologic response in the baseline samples, but was after a single dose of trastuzumab, only in the HER2-enriched subset. This correlated with increased expression of a follicular helper T-cell signature and increased expression (by gene signature and IHC stain) of PD-1. This suggests that modulation of tumor immunity triggered by trastuzumab in this HER2-enriched subtype may mediate response to therapy. Despite substantial efforts, reliable biomarkers that predict benefit from anti-HER2 therapy have yet to be identified in HER2-positive early breast cancer. While immune-related signatures (12) and extent of TILs (11) have been shown to be associated with response to trastuzumab-containing chemotherapy, their ability to predict benefit from specific HER2-targeted therapies and the in vivo effects of trastuzumab on immune response have not yet been elucidated. This study is the first report of a test and Validation set of preoperative trials in HER2 þ breast cancer to show that immune changes in the tumor microenvironment following brief exposure to trastuzumab can generate useful predictive markers for response to combination trastuzumab and chemotherapy. We found that HER2-enriched tumors are more likely to upregulate T-cell-associated immune signatures in response to trastuzumab. In addition, we found that HER2-basal tumors are less likely to achieve pCR. Although the sample sizes were small in our study, this finding was recently confirmed in a preoperative trial of trastuzumab and lapatinib (26) in addition to our previous study (6) . Our study performed in vivo assessment of immune response with one dose of trastuzumab therapy and elaborates further on findings by Loi and colleagues that the immune system plays an important role in the benefit of trastuzumab (11) . Specifically, we elucidated immune responses in molecular subtypes of HER2 þ tumors and how this relates to response to therapy. By treating patients with one dose of trastuzumab therapy, we were able to demonstrate that immune cell function was significantly upregulated in the HER2-enriched subtype and that this upregulation was associated with response to subsequent preoperative therapy. These findings highlight the role of the innate and adaptive immune systems in mediating the antitumor effects of trastuzumab-containing chemotherapy and are consistent with multiple preclinical studies that have pointed to immune modulation as being an important mechanism of action of trastuzumab (13, 14) . While CD4 þ follicular helper T cells have previously been shown to be an important prognostic immune component (15) , our study is the first to demonstrate that modulation of this immune component by trastuzumab is associated with response to preoperative therapy. In addition, our study is the first to show that a significant increase in PD-1 expression following brief exposure to trastuzumab is observed in the HER2-enriched subtype and appears to correlate with response. These findings not only help elucidate mechanisms of response to trastuzumab but suggest that the addition of immune checkpoint inhibitors to anti-HER2 therapy may be beneficial although which subtype would most likely benefit is unclear. While HER2-enriched tumors are a logical place to consider PD1/PDL1 blockade, our study suggests these patients are unlikely to need further therapy beyond trastuzumab and pertuzumab. However, it may be possible to use immune checkpoint inhibitors to stimulate adaptive immunity and potentiate T-cell activation in HER2-basal and HER2-lumimal tumors by removing negative feedback. These and other questions are optimally tested in clinical trials of HER2-targeted agents with anti-PD-1/PD-L1 therapy, many of which are ongoing. An important aspect of our study is the utility of the brief exposure paradigm that has growing acceptance in the clinical research community (31, 32) . Our findings show that this approach not only allows for the interrogation of immune modulation in the tumor by exposure to trastuzumab, but also unmasks biomarkers that can predict response after just a single dose of anti-HER2 therapy. These findings need to be validated in larger studies such as the NeoALTTO trial that incorporated a post brief exposure biopsy into the trial design and would allow investigators to compare the impact on immune activation of exposure to the HER family targeted tyrosine kinase inhibitor lapatinib with trastuzumab or the combination of both agents (31, 33) . If validated, brief exposure biomarkers may help to identify patients who are likely to benefit from targeted therapy at an early timepoint, thus potentially enabling the identification of patients who may not need the addition of a second agent such as pertuzumab. Indeed, given the high costs involved in the use of pertuzumab (34) , identifying patients who achieve optimal response to trastuzumab and chemotherapy alone could reduce overtreatment resulting in a more cost-effective therapeutic strategy.
One of the limitations of this study is the relative limited sample size in these two trials and the fact that adequate pretreatment and post brief exposure tumor samples were not available from all patients. Nevertheless, the subtype-specific and response-associated changes in immune signatures following brief exposure to trastuzumab in both the Discovery (03-311, N ¼ 100 samples) and Validation (211B, N ¼ 75 samples) datasets suggest that these findings are a robust observation. Another critique of this study relates to variation in tumor content in biopsy samples. Given that two independent datasets did not reveal significant correlation between tumor content and the Immune Index at either the baseline or post brief exposure timepoints ( Supplementary Fig. S6 ), it is unlikely that these observations are a result of the vagaries of biopsy sampling. We also demonstrated in the 211B trial that the subtype-associated immune changes were specific to trastuzumab brief-exposure, with no significant changes being observed following treatment with nab-paclitaxel, again suggesting that tumor sampling issues, which should not be different by arm, are unlikely to be playing a major role. Another critique of the study could be differences in the chemotherapy regimens used between the two studies. However, given that both the trials had similar baseline patient characteristics and the consistent observation of increase in the Immune Index following brief exposure to trastuzumab in the HER2-enriched subtype, this effect seems to transcend any differences in regimen. This is encouraging and speaks to the likely generalizability of these observations. Taken together, these data suggest that trastuzumab modulates activity of immune-specific transcriptional programs, and that this immune activation is significant only in the HER2-enriched subtype. Other subtypes, HER2-luminal and HER2-basal, do not show significant activation of these pathways and may be biologically quite different. These findings not only shed light on immune mechanisms at play in trastuzumab response but may identify patients whose tumors are likely to respond to trastuzumab thus not require additional therapy. In addition, this study identifies those subtypes that would potentially require additional therapy and/or alternative approaches (HER2-luminal, HER2-basal). If confirmed by others, "molecular triage" at an early timepoint may become an important clinical approach to identify which regimen a patient with HER2 disease should optimally receive as it appears that the baseline timepoint is unable to provide this information. In addition, these studies suggest the importance of genomic evaluation beyond HER2 IHC/FISH testing, as the subgroups can only be identified with gene expression. Finally, these studies suggest the use of new approaches such as immune checkpoint inhibitors to augment or trastuzumab in early stage disease, ideally in the preoperative setting. Only through clinical trials can we define the optimal approach for each patient, and the new paradigm of molecularly integrated studies must be undertaken in HER2 breast cancer to make this disease finally curable. 
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